Dihydropyrazines (DHPs), which are derived from aminosugars, exhibit various properties such as specific DNA strand-breakage activity, [1] [2] [3] facile dimerization, [4] [5] [6] unique ESR spectral behavior, [7] [8] [9] in vitro, induction of apoptosis 10) and mutagenesis 11, 12) in vivo. It is thought that all these phenomena originate from the two natural characteristics of DHPs, i.e., their high chemical reactivity and radical generation ability. [4] [5] [6] [7] [8] [9] As exemplified in Chart 1, less substituted DHPs such as 5,6-dimethyl-2,3-dihydropyrazine exhibit high chemical reactivity and readily transform to dimeric heterocyclic compounds via aldol condensation or pericyclic ene reaction (Chart 1). 5, 6) In order to clarify the inherent chemical reactivity of DHPs, we studied the cycloaddition behavior of DHPs as diazadienes or imines towards ketenes. The results are discussed in detail on the basis of molecular orbital (MO) calculations on the cycloaddition pathways and the single crystal X-ray analyses of the cycloadducts.
The structures of the adducts were established by MS, IR and NMR spectral data, showing the formation of a b -lactam ring. The 1 H-NMR spectrum of 3aa exhibited a methoxy signal at 3.50 ppm, methylene signals at 3.21-4.17 ppm, a methine signal at 4.63 ppm and aromatic proton signals at 7.34-7.85 ppm. The . The structure of the adduct (3aa) was confirmed by comparison of the spectral features with those of the analogous 1 : 1 adducts (3ba, 3ac) whose structures were firmly established by single crystal X-ray analysis (see Fig. 2 , Table 2 ).
Both 1 : 2 adducts showed similar spectral behaviors as observed in the 1 : 1 adducts. Comparison of the 1 H-NMR spectra of the 1 : 2 adducts afforded a clue to the determination of the syn/anti orientation. In the syn orientation, the two phenyl rings are in a face-to-face disposition which agrees with the observation that the phenyl hydrogens are shifted upfield (6.91-7.26 ppm) in comparison with those of the anti adduct (7.25-7.52 ppm), whereas the methine proton [ϾCH(OMe)-CO-] of the anti adduct resonates at ca. 0.7 ppm higher field than that of the syn adduct. The assignment of the 1 H-NMR spectra of the 1 : 2 adducts (anti 4aa and syn 4aa) is shown in Fig. 1 . The structure of syn 4aa was confirmed by single crystal X-ray analysis (see Fig. 2 , Table  2 ).
It is noted that the reaction of 1a-c with diphenylketene (2c) gave only the 1 : 1 adduct. The reaction of the monomethyl-substituted DHP (1b) with 2a-c gave mixtures of the stereoisomeric cycloadducts. Even in the reaction of 1b with 2c, four isomers were recognized, indicating that the reaction was affected by site selectivity in addition to the steric effect. Of those, the structure of 3bc was established by Xray analysis (see Fig. 2 , Table 2 ).
The ketene cycloaddition reaction has attracted much attention from both synthetic and theoretical chemists because the [2ϩ2] cycloaddition products of cyclic dienes and ketenes are known to be formed via [3, 3] -sigmatropic rearrangement of the [4ϩ2] cycloadduct in which the carbonyl double bond of the ketene acts as a dienophile (Chart 3, entry b). This finding has caused a revolution in ketene chemistry. 14) In this connection, we previously reported another cycloaddition mechanism for the reaction of dihydropyridines with ketenes on the basis of MO calculations, 15) in which the lactam ring formation does not proceed via a sequential pericyclic reaction mechanism but takes place by a stepwise reaction mechanism (Chart 3, entry c). Based on the results for dihydropyridines, we considered that the reaction of a ketene with an a,b-unsaturated cyclic imine does not fall into the new category but involves initial nucleophilic attack of the imine nitrogen on the ketene sp-hybridized carbon, followed by 4p electrocyclic ring closure to give the [2ϩ2] cycloaddition product. This reaction behavior is easily explained by frontier molecular orbital (FMO) theory. 16, 17) The highest occupied molecular orbital (HOMO) of the dihydropyridine localizes on the lone pair of the nitrogen atom, 0.35 eV higher than p-NHOMO, and the resulting azadiene readily undergoes conrotatory electrocyclic ring closure (Chart 4).
To confirm the reaction mechanism for the reaction of DHP and ketene, we calculated possible transition-state (TS) structures using the density functional theory (DFT) method at the B3LYP/6-31G (d) level.
18) The TS geometries of [4ϩ2] cycloadditions using parent molecules [DHP as 4p diene towards ketene (CϭC or CϭO) as 2p dienophile], the interacting bond distances and energies (Hartree) are depicted in Fig.  3 . As shown in Fig. 3 , [4ϩ2] cycloadditions are energetically unfavorable 19) in comparison with the reaction barrier for the intermediate formation in the stepwise cyclization reaction (see also Fig. 4 ).
The energy profile for the model reaction of 1 with 2 is depicted in Fig. 4 . The reaction is found to proceed via a betaine intermediate followed by electrocyclization.
The energy profile for the reaction of 1a with 2a is depicted in Fig. 5 . The betaine intermediate is more stable than that for the model reaction using the parent molecules.
The 1 : 2 cycloadduct formation pathway is also calculated (Fig. 6 ). The energy profile is essentially the same as that for 1 : 1 cycloadduct formation. The calculations indicate that the syn approach of the methoxy group with respect to the lactam ring is energetically favorable, inconsistent with the experimental results. Close inspection of the reaction pathway between GS and TS1 suggests the presence of an orientation complex (OC) [20] [21] [22] [23] [24] [25] in which the reactants loosely combine with each other as compared with the intermediate (IM). The calculation indicates that the syn OC is more stable than the anti OC. The reaction barrier based on the anti OC is lower than that for the syn OC, implying dominant formation of the anti adduct. The reaction barrier of the electrocyclization process is lower than that for 1 : 1 adduct formation. This may be due to the difference in the stabilization energy between the ground states of the reactants.
As the reaction may take place in part via direct cycloaddition without the OC formation, the product ratio does not necessarily correspond to the calculation prediction.
During the course of the cyclization reaction, a change of color in the reaction mixture was observed. The MOS-F CNDO/S calculations 26) suggested the presence of a chargetransfer complex, presumably due to the OC and IM structures (see Fig. 7 , Table 3 ). In summary, DHP shows a high cycloaddition reactivity toward ketenes, in which a stepwise reaction takes place via nucleophilic attack of the nitrogen lone pair of DHP on the ketene central carbon, followed by electrocyclization of the azadiene.
Experimental
Melting points are uncorrected. The IR spectra were obtained with a Hitachi 270-30 spectrophotometer.
1 H-and 13 C-NMR spectra were obtained with JEOL JNM-AL 300 (300 MHz) and JNM-A 500 (500 MHz) spectrometers using tetramethylsilane as an internal standard. Mass spectra were obtained using a JMS-DX303HF instrument.
Materials The DHPs (1a-c) were prepared according to the literature. 1, 27) The ketenes (2a-c) were also synthesized by established methods. 28, 29) General Procedure A solution of methoxyacetyl chloride (0.43 g, 4 mmol) in CH 2 Cl 2 (5.5 ml) was added dropwise to a solution of 2,3-dihydropyrazine derivative (2 mmol) in CH 2 Cl 2 (7.0 ml) containing triethylamine (0.55 ml). After stirring at room temperature overnight, aqueous NaHCO 3 was added to neutralize the reaction mixture. The products were extracted with CH 2 Cl 2 three times and dried over anhydrous MgSO 4 . Evaporation of the solvent gave crude products, which were purified by chromatography on silica gel. Crystallization from n-hexane gave pure cycloadducts. Continued fractional crystallization caused enrichment but the minor products could not be isolated in pure form. The following products were recognized in the 1 H-NMR spectrum of the enriched fractions whose structures were determined by comparison of the Vol. 57, No. 8 Molecular Orbital (MO) Calculations Semi-empirical MO calculations were run through the CS Chem3D Pro interface and WINMOPAC3.5 using MOPAC2002 26) on an Intel personal computer and iBook Macintosh G4 computer. The ab initio and density functional theory (DFT) computations 18) were carried out on a HIT parallel computer (Itanium 2, 2 node-4 CPU). The AM1-optimized structures or PM5-optimized structures were used as starting geometries for the ab initio and DFT calculations. The energies were corrected using zero point vibrational energy (scaled by a factor of 0.9804). The B3LYP/6-31G (d) calculated data are available upon request through e-mail.
Single Crystal X-Ray Analysis of 3ba, 3ac, 3bc and syn 4aa The reflection data were measured on a RIGAKU AFC7R four-circle autodiffractometer with a graphite monochromated MoKa radiation (50 kV-150 mA) and rotating anode generator. The data were collected at a temperature of 23Ϯ1°C to a maximum 2q value of 55.0°. The structures were solved by direct method (SIR-92), 31) and hydrogen atoms were placed in the calculation. A full-matrix least-squares technique was used with anisotropic thermal parameters for non-hydrogen atoms and riding model for hydrogen atoms. All calculations were performed using the Crystal Structure 32) crystallographic software package.
